Abstract-This paper develops a generic geometry-based stochastic model for mobile-to-mobile (M2M) Ricean fading channels. From the generic model, the level crossing rate (LCR) and average fade duration (AFD) are derived. Based on the derived expressions, we for the first time investigate the LCR and AFD for M2M channels with different vehicular traffic densities (VTDs). Excellent agreement is achieved between the theoretical results and measured data, demonstrating the utility of the proposed model.
I. INTRODUCTION
In mobile communications with time-variant fading, the LCR and AFD are two important second order statistics, which characterize some aspects of the dynamic temporal behavior of envelope fluctuations. The LCR and AFD can be used to investigate the disturbing effects of signal fades and consequently appear in a variety of applications, such as the interleaver optimization and design of adaptive modulation schemes.
In recent years, M2M communications have received increasing attention due to some new applications, such as wireless mobile ad hoc networks, relay-based cellular networks, and dedicated short range communications (DSRC) for intelligent transportation systems (IEEE 802.11p). Such M2M systems consider that both the transmitter (Tx) and receiver (Rx) are in motion and equipped with low elevation antennas. To successfully analyze and design M2M systems, it is necessary to have detailed knowledge of the multipath fading channel and its statistical properties. Some important characteristics of M2M channels, such as correlation properties and Doppler power spectral densities (PSDs), have been explored in many papers. Akki and Haber [1] were among the first to study the time correlations and corresponding Doppler PSDs for isotropic single-input single-output (SISO) M2M Rayleigh fading channels. Space-time correlations and corresponding Doppler PSDs for non-isotropic multiple-input multiple-output (MIMO) M2M Ricean fading channels were analyzed in [2] - [4] . More recently, in [5] and [6] , we investigated in more detail the space-time-frequency correlations and corresponding Doppler PSDs for non-isotropic MIMO M2M Ricean fading channels. However, to the best of the authors' knowledge, although the LCR and AFD are of extreme importance for a M2M channel, only [7] and [8] investigated the LCR and AFD for M2M channels. In [7] , the LCR and AFD for isotropic M2M Rayleigh fading channels in two-dimensional (2D) macro-cell scenarios were studied. In [8] , the authors investigated the LCR and AFD for non-isotropic M2M Ricean fading channels in three-dimensional (3D) macro-and microcells scenarios as well as giving the corresponding experimental validation. However, none of these two papers investigated the LCR and AFD in the case of pico-cell scenarios, which are currently receiving more and more attention in M2M systems for DSRC. Considering the unique feature of M2M communication environments, the impact of VTD on channel characteristics in micro-and pico-cell scenarios cannot be neglected as in macro-cell scenarios. However, this impact on the LCR and AFD has not been investigated yet.
To fill the aforementioned gaps, our first task is to have a M2M channel model that has the ability to mimic pico-cell scenarios and take the impact of VTD into account. To this end, following the same structure of our MIMO M2M model in [6] , we first develop a new generic 2D SISO M2M geometrybased stochastic model, which is suitable for a wide variety of outdoor scenarios, i.e., macro-, micro-, as well as pico-cell scenarios, and has the ability to consider the impact of VTD on channel characteristics. This model employs a combined two-ring model and ellipse model, where the received signal is constructed as a sum of the line-of-sight (LoS), single-, and double-bounced rays with different energies. From the presented model, we derive the LCR and AFD for nonisotropic M2M Ricean fading channels. Therefore, the derived analytical expressions allow us to analyze the LCR and AFD in a wide variety of M2M scenarios, especially for pico-cell scenarios, and to study the impact of VTD on the LCR and AFD. Our analysis shows several flaws in the derivation and investigation of the LCR and AFD in [8] , revealing some easily neglected but significant issues. Therefore, we clearly address these issues in Section III. Finally, comparisons of the obtained theoretical LCR and AFD against measurement data in [9] are presented. Excellent agreement between them demonstrates the utility of the proposed model.
II. A GENERIC MODEL FOR M2M CHANNELS
Let us now consider a narrowband single-user SISO M2M communication system. Both the Tx and Rx are in motion and equipped with low elevation antennas. The propagation scenario is characterized by a non-isotropic scattering with possibly a LoS component between the Tx and Rx. Fig. 1 
where i ∈ {1, 2, ..., I} with I = 3. The symbol K designates the Ricean factor (ratio of the LoS component power to the diffuse component power) and Ω denotes the total power. Parameters η SBi and η DB specify how much the single-and double-bounced rays contribute to the total scattered power Ω/(K +1), respectively. Note that these energy-related parameters satisfy
The phases ψ ni and ψ ni,nj are independent and identically distributed (i.i.d.) random variables with uniform distributions over [−π, π), f Tmax = υ T /λ and f Rmax =υ R /λ are the maximum Doppler frequencies with respect to the Tx and Rx, respectively, and λ is the carrier wavelength. Following the same approach on how to adjust the important model parameters (distance D, the energy-related parameters η SBi and η DB , and the Ricean factor K) in [6] , we can make the proposed model suitable for a wide variety of scenarios, i.e., macro-cell, micro-cell, and pico-cell scenarios. Note that the assumption D max{R T , R R } widely used in macro-and micro-cell scenarios is not applicable to picocell scenarios. To allow our model to have the ability to consider the impact of VTD, we use the two-ring model to describe the moving scatterers around the Tx and Rx and utilize the ellipse model to depict the stationary scatterers located on the roadside. Note that the AoD φ (ni) T and AoA φ (ni) R are independent random variables for double-bounced rays, while they are interdependent for single-bounced rays. By using the results in [6] , we can express the general relationships between the AoD and AoA for the single-bounced two-ring model as φ
] and for ellipse model as φ
, where b denotes the semi-minor axis of the ellipse and the equality a 2 = b 2 +f 2 holds. These exact relationships are sufficiently general and thus suitable for a wide variety of scenarios. Moreover, based on the assumption D max{R T , R R } in macro-and microcell scenarios, the exact relationships for the single-bounced two-ring model can reduce to the widely used approximate relationships φ
Since we assume that the number of effective scatterers in the model tends to infinity (as shown in (2)- (4)), the discrete AoA, φ and AoA φ SBi R , such as the uniform, Gaussian, wrapped Gaussian, and cardioid PDFs. In this paper, the von Mises PDF [13] is used, which can approximate all the above mentioned PDFs. The von Mises PDF is defined as f (φ)
is the zeroth-order modified Bessel function of the first kind, μ ∈ [−π, π) accounts for the mean value of the angle φ, and k (k ≥ 0) is a real-valued parameter that controls the angle spread of the angle φ.
III. SECOND ORDER STATISTICS
In this section, based on the proposed model in (1)- (4), we will derive the LCR and AFD for a non-isotropic scattering environment. The LCR, L ξ (r l ), is by definition the average number of times per second that the signal envelope, ξ(t) = |h(t)|, crosses a specified level r l with positive/negative slope. Using the traditional PDF-based method [11] , we derive the general expression of LCR for M2M Ricean fading channels as
where cosh(·) is the hyperbolic cosine, erf(·) denotes the error function, and parameters B, ζ, and
where [12] . Before deriving the key parameter b m (m = 0, 1, 2, ...,) of the LCR in (5), we would like to first clarify the relationship of different LCR expressions for Ricean fading channels, i.e., (5) in this paper, (6) in [8] , and (2.99) in [10] . These expressions were given separately in different papers and should be used carefully for different propagation environments. It is obvious that (5) is the general expression and can reduce to (6) in [8] by setting E = 0. If we further assume b 1 = 0 in (5) (it follows that ς = 0), we can obtain the closed-form LCR expression in (2.99) in [10] . We can therefore conclude that for a non-isotropic scattering environment (b 1 = 0) with a timedependent LoS component (E = 0), we can only choose (5) as the LCR expression. While for a non-isotropic scattering environment with a time-independent LoS component (E = 0), either (5) here with E = 0 or (6) in [8] can be used. The LCR expression in (2.99) in [10] is suitable only for an isotropic scattering environment (b 1 = 0) with a time-independent LoS component. Since the investigated environment in this paper is a non-isotropic scattering environment with a time-dependent LoS component (as shown in (2)), (5) is used here as the LCR expression. In [8] , the authors misapplied (6) as the expression to study the LCR for exactly the same environment as in this paper.
Based on the presented model in Section II, we now derive the key parameter b m . By substituting (1)-(4) into (6) and setting m = 0, the parameter b 0 becomes
where 
By considering the von Mise PDF for two-ring scatterers,
T ) for the ring of scatterers around the Tx and f (φ
for the ring of scatterers around the Rx, the parameters b SB 1(2) n can be expressed as can be obtained as
By following the general relationship of the ellipse model shown in Section II, the parameter φ SB3 T in (11) and (12) can be expressed by φ SB3 R . Considering the von Mise PDF for two-ring scatterers again as well as applying trigonometric transformations, product rule for differentiation, and the following equalities
, where I V (·) is the V thorder modified Bessel function of the first kind, we can get the closed-form expressions of parameters b
.
Numerical integration methods are needed to evaluate the integrals in (9)- (12) . However, for macro-and micro-cells scenarios, following the approximate relationships shown in Section II instead of the general ones, we can express the parameters φ
SB1 R
and φ
SB2 T
in (9) and (10) (9) and (10) become, respectively, the following closed-form expressions as
where
, respectively. Note that the expressions of parameters b n in (9)-(14) make the LCR expression in (5) suitable for a wider variety of scenarios, while the expressions in (15) and (16) limit the application of (5) to only macro-and microcell scenarios. There are big differences between the above derived parameters b SB 1(2) n in (15) and (16) and the derived parameters b SB 1(2) n in (19) and (21) with β T (R) = Δ H = 0 (i.e., consider incoming signals only from the azimuthal plane (a 2D scattering environment)) in [8] . To determine which closed-form expressions of b SB 1(2) n are correct, in Fig. 2 (a) we compare the LCRs having the same expression (5) but with different parameters b
calculated by (15) and (16) (9) and (10) and
, where L is the total number of the investigated specified level r l . Fig. 2 (b) illustrates the error ε versus Δ (Δ T =Δ R =Δ). The investigated specified level r l is sampled by equal-distance with number L = 200 between -20dB and 5dB in Fig. 2 (b) . 
, is the average time over which the signal envelope, ξ(t), remains below a certain level r l . In general, the AFD T ξ− (r l ) for Ricean fading channels is defined by [10] 
where Q(·, ·) denotes the generalized Marcum Q function.
IV. NUMERICAL RESULTS AND ANALYSIS
In this section, we compare the theoretical results of the derived LCR and AFD in Section III with the measured data in [9] . The following parameters are used for our numerical analysis: f c = 5.2 GHz, f Tmax = f Rmax = 500 Hz, γ T = γ R = 0, a = 200 m, D = 300 m, and R T = R R = 40 m. Fig. 3 depicts the LCR and AFD for different outdoor picocell scenarios with parameters μ
• , and k ER R = 8.6. In Figs. 3 (a) and (b) , we consider the high VTD and thus assume the Ricean factor is relatively small and doublebounced rays bear more energy than single-bounced rays, i.e., K = 0.56, η DB = 0.58, η SB1 = 0.1, η SB2 = 0.18, η SB3 = 0.14. Figs. 3 (c) and (d) compare the theoretical LCR and AFD with the measured LCR and AFD taken from Fig. 8 (b) (highway environment with low VTD) in [9] . Therefore, we assume the Ricean factor is relatively large and single-bounced rays of the ellipse model bear more energy than single-and double-bounced rays of the two-ring model, i.e., K = 4.26, η DB = 0.08, η SB1 = 0.12, η SB2 = 0.18, η SB3 = 0.62.
The excellent agreement between the theoretical and measured LCR and AFD confirms the utility of the proposed model. Fig. 3 also shows that the fades are shallower when the VTD is lower, and the AFD tends to be larger with lower VTD, which meets the basic fact. This demonstrates the correctness of the method to take into account the impact of the VTD in our model. V. CONCLUSIONS In this paper, based on the developed generic model, the LCR and AFD have been derived for a non-isotropic SISO M2M Ricean fading channel. Based on the derived expressions, we have found that the VTD significantly affects the LCR and AFD of M2M channels. Finally, it has shown that the theoretical results of the LCR and AFD match very well the measured data, which validates the utility of the proposed model.
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